Recently, it has become clear that a range of nanoparticles can be occluded within single crystals to form nanocomposites. Calcite is a much-studied model, but even in this case we have yet to fully understand the details of the nanoscale interactions at the organic-inorganic interface that lead to occlusion. Here, a series of diblock copolymer nanoparticles with well-defined surface chemistries were visualized interacting with a growing calcite surface using in situ Atomic Force Microscopy (AFM). These nanoparticles comprise a poly(benzyl methacrylate) (PBzMA) core-forming block and either a non-ionic poly(glycerol monomethacrylate) (Ph-PGMA), a carboxylic acid-tipped poly(glycerol monomethacrylate) (HOOC-PGMA), or an anionic poly(methacrylic acid) (PMAA) as the stabilizer block. Our results reveal three modes of interaction between the nanoparticles and the calcite surface: (i) attachment followed by detachment, (ii) sticking to and "hovering" over the surface, allowing steps to pass beneath the immobilized nanoparticle, and (iii) incorporation of the nanoparticle by the growing crystals. By analyzing the relative contributions of these three types of interactions as a function of nanoparticle surface chemistry, we show that ~85% of PMAA85-PBzMA100 nanoparticles either "hover" or become incorporated, compared to ~50% of the HOOC-PGMA71-PBzMA100 nanoparticles. To explain this difference, we propose a two-state binding mechanism for the anionic PMAA85-PBzMA100 nanoparticles. The "hovering" nanoparticles possess highly extended polyelectrolytic stabilizer chains and such chains must adopt a more "collapsed" conformation prior to successful nanoparticle occlusion. This study provides a conceptual framework for understanding how sterically-stabilized nanoparticles interact with growing crystals, and suggests design principles for improving occlusion efficiencies.
Introduction
Biomineralization provides countless examples of the complexity that is accessible by manipulating crystallization via additives such as small molecules or proteins. 1, 2 The structural diversity among biominerals is in part due to biomacromolecules, which affect the nucleation and growth of the crystals and can also become incorporated within the crystals. 2, 3 The mechanisms by which atomic and molecular additives interact with the growing crystal are relatively well understood. [4] [5] [6] [7] [8] [9] [10] Incorporation of larger organic additives, however, is less well studied, with only a handful of in situ Atomic Force Microscopy (AFM) investigations of peptides, proteins, and synthetic anionic block copolymer nanoparticles. [11] [12] [13] [14] [15] In particular, in situ studies have demonstrated that additive-crystal interactions with multivalent additives are complex, often involving a multistep process through a weak and strong binding state. 16, 17 Thus a better understanding of the details of additive-crystal interactions is required to guide the rational synthesis of nanoscale additives for occlusion within single crystals in order to modify their properties. In this study, in situ AFM is used to analyze the role of surface chemistry in driving the interactions between diblock copolymer nanoparticles (>10 nm diameter) and growing calcite (CaCO3) crystals.
One key aspect of additive-crystal interactions is that the occlusion mechanism depends on the additive size. Single atoms, small molecules (e.g., amino acids), and proteins are all found within calcitic biominerals and affect crystal growth differently. 4, 6, 18, 19 For example, Mg 2+ is readily incorporated into calcite by substituting for Ca 2+ cations in the crystal lattice. 6, 20 In the case of small molecules, the interaction with calcite is more complex, with chemical functionality determining the preference for binding to crystal surfaces at kinks and growing step edges. 5, 7 For example, glycine and aspartic acid preferentially bind to acute step edges of calcite growth hillocks via their carboxylic acid groups. 5 Additionally, molecules that cannot easily fit into the crystal structure must be accommodated by larger vacancies within the crystal. 4 For larger molecules, i.e. peptides or polymers, length scales become important because the number of potential bonding units in a chain impacts the ability of such macromolecules to adsorb at a step edge. For example, a study using synthetic peptides showed that their potency of inhibition increases significantly for longer chains. 15 The dynamics of binding and crystal growth are even more complex for synthetic polymers; some polymers can actually enhance crystal growth rates when present at very low concentration. 15, 21 At larger length scales, globular proteins and nanoparticles interact with a much larger surface area of the crystal, and as such the surface chemistry of such additives is expected to play a critical role in determining the mechanism of interaction with a growing crystal. For nanoparticles, very little is known about the design rules for efficient occlusion other than the importance of anionic character and chemical functionality of the stabilizer chains. [22] [23] [24] Based on extensive research over the past ten years, the key factor driving nanoparticle incorporation into calcite is the surface chemistry and charge density of the anionic steric stabilizer chains. Particle incorporation was first demonstrated by Wegner and co-workers, who developed various anionic latexes that became occluded within calcite and ZnO single crystals. 25, 26 More recently, Meldrum and co-workers demonstrated that polystyrene latexes with polycarboxylated stabilizer chains could also be incorporated into calcite, while particles with isolated anionic carboxylate groups were not efficiently occluded. 23 This observation suggests that cooperativity is important for binding to the calcite lattice. The same team, working closely with various other groups, subsequently showed that micellar diblock copolymer nanoparticles of ~15 nm diameter comprising an anionic poly(2-(succinyloxy)propyl methacrylate) (PSPMA) stabilizer block could also be incorporated into calcite crystals. 24, 27 Recent progress has been made towards an empirical understanding of "design rules" for optimizing organic nanoparticle incorporation into calcite. 22 In particular, it appears that the relative surface density of anionic stabilizer chains can determine whether or not nanoparticle occlusion is observed. 28 Nevertheless, a more detailed understanding of the role of surface chemistry in determining nanoparticle occlusion mechanism(s) should inform the rational design of next-generation nanoparticles. In this context, direct observation of the nanoparticle-crystal interaction mechanism requires a high resolution in situ technique such as AFM.
A recent in situ AFM study by De Yoreo and co-workers revealed the mechanisms by which individual carboxylated PSPMA-stabilized diblock copolymer micellar nanoparticles are incorporated into calcite. 12 A series of experiments demonstrated that these anionic copolymer nanoparticles strongly interact with calcite growth hillocks, bind to step edges, and quickly become engulfed under calcite growth conditions. Moreover, the occlusion mechanism appears to differ depending on the nanoparticle dimensions. 12 Particles of ~3 nm diameter are incorporated as spheres within the crystal lattice, but larger particles of ~15 nm diameter are compressed into a cylindrical shape, apparently leaving a small void between each particle and the nanoscale cavity that contains it within the crystal. 12 To understand the surface adsorption behavior of these anionic nanoparticles requires observing the nanoparticle-crystal interaction with a growth hillock "paused" at equilibrium. Such experiments demonstrated that the nanoparticles attach almost exclusively to step edges once they are bound to the calcite surface, implying highly specific adsorption and/or rapid surface diffusion to these features. 12 Despite these useful mechanistic insights, the role of the chemistry of the anionic corona in mediating the nanoparticle-crystal surface interaction, as well as the incorporation effectiveness, remains poorly understood. Exploring these aspect of nanoparticle occlusion within calcite is the primary objective of the present study.
Results
Experimental Design. To effectively probe the role of surface chemistry in driving nanoparticle incorporation into calcite, we required a series of nanoparticles with tunable surface chemistry, ranging from strongly interacting to non-interacting. Polymerization-induced self-assembly (PISA) 29, 30 via reversible addition-fragmentation chain transfer (RAFT) emulsion polymerization enables the convenient synthesis of sterically-stabilized diblock copolymer nanoparticles with identical hydrophobic cores but different surface chemistries conferred by the hydrophilic stabilizer chains. 22, 31 Moreover, the core-forming block can be selected to be optimal for the experiment. For example, an in situ AFM growth experiment works best with relatively hard, nonfilm-forming nanoparticles, which minimize tip effects and also nanoparticle deformation after adsorption. Similar nanoparticles have been previously utilized for the study of occlusion within calcite 22, 24, 27, 28, 32 and zinc oxide 33 : nanoparticles containing relatively long carboxylated stabilizer chains (e.g., poly(methacrylic acid) (PMAA)) that acquire strongly anionic character under the growth conditions (~pH 8) are most readily incorporated.
The specific diblock copolymer nanoparticles utilized in this study comprise a poly(benzyl methacrylate) (PBzMA) core-forming block and either a non-ionic poly(glycerol monomethacrylate) (Ph-PGMA), a carboxylic acid-tipped poly(glycerol monomethacrylate) (HOOC-PGMA) [i.e. a single anionic charge located at the chain terminus], or a highly anionic poly(methacrylic acid) (PMAA) steric stabilizer block (Scheme 1). The HOOC-PGMA particles were included in the series to provide particles with a negatively charged surface, but non-ionic corona. The single terminal anionic charge was conferred by selecting an appropriate carboxylic acid-functionalized RAFT chain transfer agent (CTA). We targeted a mean degree of polymerization of 100 for the hydrophobic core-forming PBzMA block to minimize the effects of nanoparticle size and deformation during calcite occlusion. As a result, these copolymer nanoparticles are relatively robust compared to the anionic nanoparticles used in previous AFM studies 12, 27 and are subsequently less susceptible to AFM tip artifacts. For all of these diblock copolymer nanoparticles, however, there is in principle a micelle-unimer equilibrium, with a background concentration of individual copolymer chains (unimers). 34 This concentration of molecularly-dissolved copolymer chains is finite but likely to be extremely low. To examine the effect of systematically increasing the anionic character of the stabilizer block, we grew calcite in the presence of each type of nanoparticle both in the bulk (ex situ) and also using in situ AFM.
The combination of ex situ and in situ experiments allows us to make direct comparisons between the three types of nanoparticles at different length scales. Nanoparticle Characterization. Prior to any detailed AFM study of nanoparticle-calcite interactions, we characterized the nanoparticles themselves. First, the zeta potential and zaverage diameter were each determined as a function of pH ( Figure 1 ). The zeta potential measured at pH 8 (the pH used for calcite growth) for all three nanoparticle types is listed in Scheme 1. The non-ionic Ph-PGMA63-PBzMA100 nanoparticles are slightly negative (-6.3±0.6 mV), whereas both the HOOC-PGMA71-PBzMA100 and PMAA85-PBzMA100 nanoparticles are highly negatively charged (-29±0.5 mV and -35 ±0.3 mV, respectively). Since zeta potential is sensitive to surface charge, rather than coronal charge, the similarity between these two particle types is not surprising. 27, [35] [36] [37] There is no pH-dependence for the zeta potential of the non-ionic Ph-PGMA63-PBzMA100 nanoparticles, whereas the HOOC-PGMA71-PBzMA100 and PMAA85-PBzMA100 nanoparticles acquire progressively greater anionic character at higher pH as the carboxylic acid groups become deprotonated. The diameter of the HOOC-PGMA71-PBzMA100 nanoparticles remains relatively constant at ~34 nm while the PMAA85-PBzMA100 nanoparticles increase from ~25 nm to ~45 nm diameter between pH 4 and pH 8. This observation is consistent with polyelectrolyte brush behavior, where a higher pH causes swelling of the coronal layer via extension of the increasingly anionic chains 38, 39 . Therefore, polyelectrolytic PMAA chains are likely to adopt a much more stretched conformation than the non-ionic PGMA chains due to coulombic repulsion between adjacent anionic groups, although crowding within the coronal layer means that the degree of ionization is reduced compared to free chains. The HOOC-PGMA71-PBzMA100 nanoparticles do not possess polyelectrolytic stabilizer blocks and therefore do not exhibit such coronal swelling behavior. We used both transmission electron microscopy (TEM) and static AFM on poly(L-lysine)-treated mica in fluid to confirm that these PBzMAbased nanoparticles could be imaged after their adsorption at a planar surface ( Fig. S1 ). Indeed, nanoparticle core diameters are very similar when imaged by TEM and AFM (~15 nm). Measurements were conducted in the presence of 1 mM KCl and titrated from basic to acidic pH using HCl.
Calcite Growth Ex Situ. The most common method to examine the effect of additives, such as nanoparticles, on calcite formation is to add them to the aqueous solution in which the crystals are grown, as reported in various studies. 4, 22, 24 In control experiments performed in the absence of any nanoparticles, rhombohedral crystals with smooth {104} facets are formed ( Fig. 2A ).
Crystals grown in the presence of non-ionic Ph-PGMA63-PBzMA100 nanoparticles remain rhombohedral, as expected ( Fig. 2B ). However, if anionic nanoparticles are present during calcite formation, the crystal morphology is affected. Calcite rhombohedra grown in the presence of HOOC-PGMA71-PBzMA100 nanoparticles have rounded edges and corners and much rougher {104} facets, suggesting some weak interactions between these nanoparticles and growing crystal (Fig. 2C) . The presence of PMAA85-PBzMA100 nanoparticles has a much more dramatic impact on the crystal morphology ( Fig. 2D ). The {104} facets are retained as end-caps, but crystals become rounded and extended into bullet-like shapes, indicating a very strong interaction between such nanoparticles and the crystal lattice. Previous ex situ growth studies have shown that such a drastic change in morphology often correlates with a significant degree of incorporation 4, 19, [40] [41] [42] . Although these images provide a useful initial guide, direct observation at much smaller length scales using in situ AFM is required to characterize the true nature of the nanoparticle-crystal interaction. In situ AFM. To conduct in situ AFM studies, growth solution is flowed over the surface of a freshly-cleaved single crystal of calcite using a fluid cell containing the AFM tip. 43, 44 Under carefully controlled conditions corresponding to relatively low supersaturation (supersaturation s is defined in Equation 1, where AP is the activity product and Ksp is the equilibrium solubility product), calcite grows via addition of CaCO3 units to hillocks, which are sources for atomic steps originating from screw dislocations within the crystal. [43] [44] [45] = ln ( '(
Equation (1) Observing in situ growth via this technique allows direct observation of nanoparticle-crystal interactions at conditions close to those found in Nature (ambient, room temperature, and a low degree of supersaturation). Based on previous AFM literature and classical crystal growth theories, we anticipated three likely modes of interaction for nanoparticles with a growing calcite crystal. 7, 11, 45 These are: (i) initial attachment followed by detachment from the surface, (ii) attachment with subsequent incorporation into the crystal, as previously described, 12 and (iii) an intermediate scenario whereby a nanoparticle "hovers" on the calcite surface, while steps continue to flow beneath it. 11 In principle, all three interactions could occur within a population of nanoparticles at the calcite surface. The specific nanoparticle surface chemistry is expected to determine the relative contributions of these three modes of interaction for a given nanoparticle type. With sufficient data, we can analyze the behavior of an ensemble of nanoparticles to characterize their behavior at the surface for each class of nanoparticles considered here (i.e., non-ionic, weakly anionic, or strongly anionic). Yellow arrows indicate particles that have attached to the crystal surface. For each particle type, images are tip deflection (color scale ± 20 mV) taken in contact mode. The (+) and (-) indicate the obtuse and acute steps of the growing calcite hillock, respectively. Movies S1-S3 depict a more complete series of images.
Calcite growth studies using in situ AFM allows direct observation of the nanoparticlecrystal interactions ( Fig. 3 and Movies S1-S3). A control growth hillock forms in the absence of 3E, F) but do not modify the step edges, which is similar to the minimal changes in morphology observed for the calcite crystal in Figure 2C . In striking contrast, the strongly anionic PMAA85-PBzMA100 nanoparticles initially cause roughening of both the obtuse and acute steps, leading to hillock rounding (Fig. 3H ). This hillock modification is consistent with the bullet-like morphology of the calcite crystal in Fig. 2D . Subsequently, the hillock becomes heavily decorated by nanoparticles adsorbed on the acute steps ( Fig. 3I ). (iii) the nanoparticle attaches to the calcite surface and "hovers" above it without changing its height significantly until either it becomes detached or is eventually occluded (blue box). Close inspection of the image series shown in Fig. 4 confirms multiple examples of these three modes of interaction.
Sampling larger populations of nanoparticles is required to quantify the relative contribution made by each interaction mode for each of the three classes of nanoparticles.
Unfortunately, there were too few of the non-ionic (uncharged) Ph-PGMA-PBzMA nanoparticles interacting with the surface to obtain any statistically significant distribution for this nanoparticle type, so we focused on a close comparison of the behavior of the HOOC-PGMA71-PBzMA100 and PMAA85-PBzMA100 nanoparticles. By tracking individual nanoparticle heights over time, we can gain a better understanding of their behavior and hence reveal the relative contributions made by each of the three modes of interactions ( Figure 5 and Supplementary Figures S5-S7 ). Nanoparticles were selected for inclusion in statistics only if (i) their initial height was between 9 and 20 nm (so as to minimize the unwanted inclusion of any nanoparticle aggregates) and (ii) there were no other nanoparticles within 50 nm of the measured particle (see Fig. S5 ). Qualitatively, more PMAA85-PBzMA100 than HOOC-PGMA71-PBzMA100 nanoparticles bind to the calcite surface within an equivalent amount of time. Tracking nanoparticle heights as a function of time reveals that the strongly anionic PMAA85-PBzMA100 and weakly anionic HOOC-PGMA71-PBzMA100 nanoparticles appear to become incorporated within calcite at approximately the same rate, implying a similar incorporation mechanism for both types of nanoparticles (Figs. 5B and S6). A summary of the three modes of interactions reveals that a similar fraction of both types of nanoparticles are incorporated (~50% of the population), whereas the fraction of particles that hover and detach vary significantly between the two types. For the PMAA85-PBzMA100 nanoparticles, ~35% hover while only ~15% become detached. Conversely, ~15% of the HOOC-PGMA71-PBzMA100 nanoparticles hover while ~30% detach (Fig. 5A ). When the nanoparticles are sorted with respect to which type of interaction they undergo as a function of time, it becomes evident that most of the PMAA85-PBzMA100 nanoparticles either begin incorporating into the calcite lattice or detach (Fig. S7 ).
Furthermore, it appears that nanoparticles that bind to the surface at later times are much more likely to "hover". stabilizer chains should act as a polyelectrolyte brush because of its highly anionic nature at pH 8. 38, 39 When immersed in a solution at a pH above its pKa, a PMAA brush becomes swollen and extended due to deprotonation, resulting in coulombic repulsion between the highly anionic chains. 38 In Figure 1 , DLS studies indicate that the mean diameter of the PMAA85-PBzMA100 nanoparticles substantially increases on switching from below pH 4 (25 nm) to pH 8 (45 nm).
Similar pH-dependent behavior has been observed for PMAA brushes 38 and typically occurs at a much higher pH (pH 9) when compared to the pKa of 5.5 for free PMAA. However, the behavior of these nanoparticles, with similar grafting densities to a dense brush, but with an interface that is curved on the length scale of the chains, is intermediate between that of isolated PMAA chains and dense planar PMAA brushes and the apparent pKa is only shifted by at most 1 pH unit. Both polyelectrolyte brushes and free chains are known to be strongly affected by ionic strength; in particular, the brushes can become swollen with increasing salt concentration. 38, 39 Such swelling is an osmotic effect driven by cation binding to the PMAA chains, since this interaction generates an osmotic pressure via a net increase in charge density. 38 The PMAA85 stabilizer chains, however, eventually become saturated with ions and collapse (the so-called "salted brush" regime). 38 Once the nanoparticles interact with the calcite surface, Figure 5B illustrates the strikingly different behavior observed for the two types of anionic nanoparticles, which both have similar zeta potentials at pH 8. For the HOOC-PGMA71-PBzMA100 nanoparticles, there is only a single terminal anionic carboxylate group per chain, so binding to the calcite surface is relatively weak and the nanoparticles tend to either detach or become incorporated. In contrast, the PMAA85-PBzMA100 nanoparticles can bind more strongly and access a much greater number of binding states as a result of the cooperativity conferred by the highly anionic PMAA85 chains.
Therefore, for any given PMAA85-PBzMA100 nanoparticle attachment, subsequent "hovering" or incorporation within the growing crystal lattice is much more favorable as compared to the HOOC-PGMA71-PBzMA100 nanoparticles (86% vs. 68% of all particles hover or incorporate).
Our in situ data are consistent with earlier (albeit more qualitative) ex situ data; 22, 23, 28 the zeta potential of the nanoparticles alone is not sufficient to predict efficient occlusion. Instead, the precise nature of the nanoparticles and their surface charge density must be considered.
The nature of the stabilizer chains accounts for the observed interactions. When a nanoparticle initially attaches to the surface, it either remains adsorbed or subsequently becomes detached. If it stays bound, the long stabilizer chains undergo relaxation to maximize contact with the surface. For the HOOC-PGMA71-PBzMA100 nanoparticles, such relaxation is likely to be fast, since the stabilizer chains only possess a single terminal anionic charge and the chains never adopt a stretched conformation. The PMAA85-PBzMA100 nanoparticles most likely have more extended stabilizer chains so relaxation is more complex, possibly involving both fast and slow relaxation modes. For highly swollen PMAA85-PBzMA100 nanoparticles with extended stabilizer chains, relaxation is likely to be relatively slow. Such stretched chains are likely to be highly permeable to ions, making it easier for the crystal to grow beneath attached nanoparticles.
"Hovering" occurs when such nanoparticles remain at the calcite surface in their swollen state for some time prior to ion-induced collapse. PMAA85-PBzMA100 nanoparticles are more likely to display this hovering behavior because they are more prone to undergo slower corona relaxation.
For either type of nanoparticle, once the stabilizer chains relax at the surface, the step edge is forced to grow around the nanoparticle, leading to its incorporation within the crystal lattice.
Effect of free polymer in solution. Upon adding the strongly anionic PMAA85-PBzMA100 nanoparticles to the growing calcite crystal, in situ AFM studies reveal a substantial change in the hillock morphology (including roughening of the step edges) before these nanoparticles are observed at the surface (Fig. 3H ). Similar local roughening is common for small molecules interacting with calcite, so the roughening that we observe may indicate the presence of soluble Fig. 3B. 3E ), and step progression is clearly observed with no change in morphology (Fig. S3) .
A surprising feature of the histograms shown in Figure S7 is that most of the nanoparticles that bind later remain in their swollen state and "hover." Though they may subsequently become incorporated, the concept of a time-dependent distribution of nanoparticles between incorporation and "hovering" is surprising because it is usually assumed that a steady state has been attained in such experiments, not least because the inflowing solution supplies a constant concentration of nanoparticles and growth units (i.e., Ca 2+ and CO3 2ions) for the crystal. However, this assumption ignores the potential influence of free (co)polymer chains in solution. The gradual build-up of adsorbed (co)polymer could provide an additional barrier to nanoparticles adopting their collapsed state at the surface. This process would increase the relative fraction of particles in the hovering state, thus explaining the apparent time dependence observed for both types of nanoparticles. In principle, an increase in "hovering" over time could also be induced by the AFM tip interacting with nanoparticles under continuous imaging (see Supporting Information for further discussion of possible tip interactions). In view of this possible imaging artifact, we ceased imaging for a few minutes between each series of images prior to resuming AFM studies. This precaution had no discernible effect on our observations.
Conclusions
Previous work has shown that atoms must be comparable in size to Ca 2+ to substitute into the calcite lattice, while small molecules require negatively-charged functional groups and nanoparticles must have highly anionic coronas in order to become incorporated within calcite.
In the latter case, the number of anionic carboxylate groups per chain is a key factor in governing the nanoparticle-crystal interaction. The in situ AFM studies detailed in this report provide important new insights regarding the roles of both surface chemistry and charge density in determining the precise mode of interaction between the nanoparticles and crystal surface.
Specifically, we provide the first detailed quantification of the distribution of detachment, "hovering", and incorporation behaviors as a function of surface chemistry. For highly anionic nanoparticles, we suggest that the conformational transition from extended to collapsed steric stabilizer chains is a primary factor in determining the surface interaction, such that biasing the system towards collapsed chains enables incorporation to proceed. This study has provided new insights into nanoparticle-crystal interactions in real time on the nm length scale; our observations should inform the design of next-generation organic nanoparticles that enable the extent of occlusion within host crystals to be maximized. For example, tuning solution chemistry to promote collapse of the polyelectrolyte corona could be used to control the amount of nanoparticle incorporation. Moreover, appropriate consideration of how nanoparticles interact with the surface hydration layer of calcite could also help to optimize the extent of occlusion. 46, 47 Furthermore, our model for nanoparticle-crystal interactions is likely to be applicable to other host crystals, ultimately leading to the rational design of single crystal composites that pair disparate materials within a single structure.
Materials and Methods
Particle Synthesis. Synthesis of Ph-PGMA, HOOC-PGMA and PMAA macro-CTAs via RAFT solution polymerization has been described in detail elsewhere. 24, 27 The synthesis of stericallystabilized diblock copolymer nanoparticles via RAFT emulsion polymerization of BzMA was recently reported by Armes and co-workers 48 . Ex Situ Calcite Growth. Crystals were grown in a desiccator via the classical ammonia diffusion method 49 . All samples were 10 mL in total volume and used 5 mM CaCl2 solution in Petri dishes. Crystals were grown on glass cover slips, which were sonicated for 5 min each in DI water (18.6 MW) and ethanol to remove any surface contamination before being placed in the growth solution. The nanoparticle dispersions (15 wt%) were used neat in 0.5 mL aliquots for each sample. Crystals were allowed to grow in the desiccator saturated with ammonium carbonate vapor for two days. Then the glass slides containing the calcite crystals were removed and dried using N2 gas. The slides were then mounted on aluminum SEM imaging stubs and coated with ~100 nm of conductive carbon before being imaged using a Tescan MIRA3 FE-
SEM.
In Situ AFM Experiments. Imaging experiments were performed using a Multimode AFM with a Nanoscope III Controller (Digital Instruments) using the method reported by De Yoreo and coworkers. 12 
